During the analyzing processes of the compounds, some researchers are puzzled by the analytical signals for some TSNAs (with or without splitting peaks at various pHs and temperatures). In this work, a detailed theoretical study of structural and thermal properties of the E/Z isomers of TSNAs and the corresponding protonated structures was performed using DFT methods. The calculations showed that the E isomers are almost stable than Z isomers, while the Z isomers would be more stable when in protonation. The calculated results predicted the possibility of separation of their E and Z isomer forms and also showed that protonation affects the dipole moment of molecules significantly (0.1-0.5 to 0.7-2.1 Debye). The calculations agreed well with the experiments that the split-up of the HPLC signal for TSNAs into two peaks are very sensitive to the pH and temperature of the mobile-phase.
Introduction
Tobacco-specific N-nitrosamines (TSNAs) are a group of powerful pulmonary carcinogens found in tobacco products, mainly including N-nitrosonornicotine (NNN), (4-methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), N-nitrosoanabasine (NAB) and N-nitrosoanatabine (NAT). The mechanism of their toxicity involves metabolic reactions of nitrosamines with cytochrome P-450 enzyme. For their importance of cancer researches, TSNAs have attracted great interests in recent years. 1 In most cases, these research papers focus on the determination of TSNAs in tobacco smoke or their metabolites in urine. Up to now a number of analytical techniques have been employed for measuring these compounds. Two most widely used methods [2] [3] [4] [5] are gas chromatography coupled with a thermal energy analyzer (GC-TEA) 1 and liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). 6 Recently, methods of gas chromatography coupled to ion-trap tandem mass (GC-ITMS), 7 capillary electrophoresis-electrospray ionization mass spectrometry (CE-MS), 8 and micellar electrokinetic chromatography (MEKC) method combined with cation selective exhaustive injection (CSEI) and sweeping (CSEISweep-MEKC) 3 are also used to quantitate the four TSNAs and even their metabolites.
In these papers, the analytical methods vary from each other, but some researchers are confronted with the case that the analytical signals for some TSNAs are splitting into double-peaks. Literally, all the peaks of NNN, 8, 9 NAT, 9 NNK, 3, 8, 10 and NNAL 3,10,11 can split into two peaks in certain conditions. In achiral separation condition, the peak-splitting is generally believed to be due to the co-existence of E/Z isomers rather than their enantiomers. But some researchers are puzzled by the causes of the phenomenon every now and then. For example, McCorquodale et al. observed that the baseline between peaks assigned to (R)-NNN and (S)-NNN did not return to its original position and presumed that there was an enantiomeric interconversion. 12 Li and Jansson et al. considered that the split-up of the signal was probably due to the basicity of TSNAs and the formation of their protonated isomers. 8 Hecht et al. reported that nitrosamines existed as mixture of E and Z isomers. 13 Wu et al. found that all TSNAs could exhibit some degree of shoulder effects or split peaks. Dissolving standards into different pH buffer solutions for LC/MS/MS analysis, they obtained different split peak ratios, which suggested that one isomer could be favored over another under certain pH condition. With careful column selection and optimization, they achieved good peak shapes without splitting at pH = 5.
14 Apparently, this behavior of TSNAs is pH dependent. According to our statistics, signals for TSNAs tend to split up in acid analytical condition at room temperature. But no such phenomenon is observed when the column temperature is at 60 ºC or when ammonium acetate is used only to adjust the pH of the mobile phase. Thus, the signals for TSNAs splitting into doublepeaks can be attributed to the pH and temperature of the mobile phase of the analytical procedures.
In these TSNAs, the N-NO single bond has a partial double bond character due to the n N → π NO conjugate (Scheme 1), which leads to the nature that the rotation of the N-NO bond is somewhat restricted. The restricted rotation around the N-NO bond in nitrosamine compounds has attracted several experimental and theoretical investigations for years. barriers in simple H 2 NNO and some of cyclic nitrosamine compounds by dynamic NMR techniques 20 and Ab initio methods. These studies pointed out that a) the determination of activation barriers to N-N rotation provide quantitative information about the N-NO π-dative bonding;
19 b) substitution of the hydrogen atoms of H 2 NNO molecule by methyl groups or other alkyl groups leads to a stronger NN double bond (by at least 3 kcal/mol).
18 In this paper, we report the theoretical calculations of the TSNAs' and their protonations' structural, energetic and charge population properties in gas phase in order to understand the interconversion mechanisms of their E-Z isomers and to elucidate the reasons of peak-splitting.
Among these N-nitrosamines, there is a chiral center for NNN, NAT and NAB (Figure 1) , respectively, and actually S enantiomers are in majority in tobacco products. 5, 21 In this study, properties of S enantiomers of TSNAs are mainly calculated and a simplified model structure 6 was calculated for NNK and NNAL.
Computational Method
The geometrical structures and energetic properties for each E and Z isomers of NNN, NAT, NAB, simplified-NNK and their transition states of isomerization have been calculated with GAUSSIAN 03 package. 22 The structures of all isomers of the four TSNAs are fully scanned at HF/sto-3G level. All local minimum energy conformations are reoptimized at B3LYP/6-31G* level to obtain global minima.
23,24
The minimum energy structures have been further performed at B3LYP and M05
25 levels with the 6-311++G(2d,2p) and 6-311++G(d,p) basis sets for more accurate geometric structures. Vibrational analysis is performed for all stationary structures to confirm their stability and also to provide the frequencies needed for the calculation of the relative Gibbs free energies (ΔG). The transition states are confirmed to have only a single imaginary frequency. Intrinsic reaction coordinate (IRC) calculations are performed in order to verify that the localized transition state structures connect with the corresponding minimum points (the E and Z isomers). NBO charges have also been obtained, through a NBO populational analysis. 26 These charges have been considered as a more "realistic" alternative to Mulliken charges. 27 In what follows, the discussed energies are relative Gibbs free energies (ΔG 298K ). The relative electronic energies (ΔE) and enthalpies (ΔH 298K ) are also provided for reference.
For the isomerization of E to Z forms, their equilibrium constants (K eq ) are calculated as shown by the following relations:
,
where ΔG is the relative Gibbs free energy, R is the gas constant and T is the temperature (K). Proton affinity (PA), which is defined as the enthalpy change during the protonation process in gas-phase at 298 K, is calculated using the equation:
where ΔH (H + ) = 2.5 RT = 1.48 kcal/mol.
28

Results and Discussion
Although there are a few literatures revealed that even the high-level Ab initio (MP2 and CCSD)
18 methods cannot give the accurate results for H 2 NNO, DFT methods give a balance between the accuracy and computational cost for more complex substituted N-nitrosamine compounds. We optimized the final structures by choosing B3LYP with 6-311++G(2d,2p) and 6-311++G(d,p) basis sets in our researches. For comparison, M05/6-311++G(d,p) was also applied for calculation because M05 is reported that it is good for calculation of the bond dissociation energies.
The optimized structural parameters of the E/Z isomers and their transition states (TS) of 1, 2, 3 and 6 in gas phase are partially listed in Table 1 observed in both the crystalline solid state 29 and the gasphase structures, which is consistent with the NMR results.
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According to our calculated simplified structure 6, the calculated values for the CNNO dihedral angle are very close to planar (by at most 3.2 o with M05 method). However, there were no experimental values about these TSNAs, we The potential scan for the internal rotation about the N-N bond showed that the rotation in the N-nitrosamines may follow two pathways. Thus, there are two possible transition states for internal rotation between the two isomers. The possible TSs taking NNN for examples are shown and labeled in Scheme 2. After comparing the calculated results using different basis sets, one dominant transition state structure was always provided. The structural characteristics in TSs show some difference: a) larger N-N bond length (from 1.500 to 1.539 Å) and shorter N-O bond length (from 1.168 to 1.179 Å) than in the ground state; b) smaller <NNO bond angle than in ground state; c) the M05 calculated structures show slight shorter N-N, N-O bond length and bigger <NNO bond angle than B3LYP.
Roohi's calculation results 16 show that chair conformations are the most stable conformations for both E and Z isomers for six-membered cyclic nitrosamine compounds. Our calculations of the relative Gibbs free energies (ΔG) also confirm this result. But it is out of expectation that the pyridyl group of (S)-NAB in axial position is more stable than that in equatorial position.
The relative Gibbs free energies (ΔG 298K ) of the E and Z isomers of 1, 2, 3 and 6, calculated using B3LYP and M05 methods are listed in Table 5 . For 1, 2 and 6, the E isomers are more stable than the Z isomers by 3.31, 1.61 and 2.94 kJ/ mol at B3LYP/6-311++G(2d,2p) level, and 7.58, 0.75, 2.08 kJ/mol at M05/6-311++G(d,p) level, respectively. For S-NAB (3) the calculated results show that Z isomer is stable (by 0.54 kJ/mol) at B3LYP/6-311++G(2d,2p) level, while the calculated results using M05 shows E isomer is stable (by 0.67 kJ/mol). As shown in These results show that the calculated rotational ΔG 298K barriers at M05 level are larger than those at B3LYP level. Considering M05 is especially good for calculation of the bond dissociation energies, we calculated the equilibrium constants (K eq ), Boltzmann populations (P) for the isomerization of E to Z forms and dipole moment (μ) by using M05/ 6-311++G(d,p) method.
An isomeric form of a molecule can be separated at room temperature if the activation barrier energy for interconversion is at least 80 kJ/mol. 15 The calculated barrier energies for interconversion of the isomers in the TSNAs are greater than 80 kJ/mol, therefore, the calculated results can predict the possibility of separation of their E and Z isomer forms. Although the solvent effects are not considered in this moment due to the greater computational cost, the calculated dipole moments show some clues. As shown in Table 5 , the calculated dipole moment of TSs for 1 and 6 show lower values than those of ground states, which mean the energy barriers would increase in polar solvents. It is interesting that the calculated dipole moment of TS for S-NAT (2) and S-NAB (3) show opposite value, which suggests that S-NAT (2) and S-NAB (3) in polar solvent (like methanol) would be hard to see peak-splitting in HPLC analysis at room temperature. 9 Additionally, according to the calculated K eq (>1), which are listed in Table 5 , one dominant isomer of TSNAs are expected to be significantly populated at certain higher temperature. Thus, some HPLC experiments showed peaksplitting at room temperature, while no such phenomenon is observed when the column temperature is at 60 ºC, which are consistent with our calculations very well. The ratios of the calculated Boltzmann populations of the E and Z isomers of TSNAs coincide well with the reported chromatograms, which E isomers are mainly favored than Z isomers in TSNAs. 3, [8] [9] [10] [11] But it should be noted that all of those chromatogram results are obtained in acidic condition or with acidic mobile phase. Through the procedure of sample preparation for the determination of TSNAs' metabolites in urine, it is shown that TSNAs exist as cations in acidic condition and as free states at pH of 9-10.
4 Hence, the energetic and structural parameters for pronated TSNAs should also be calculated in comparison with those for free TSNAs.
There are one oxygen and three nitrogen atoms in every TSNAs' molecule. Each atom in molecule has the possibility to accept a proton and form different protonated structures in acidic condition. To find which atom in the molecule is most possible to accept a proton, it is necessary to perform the natural bond orbital (NBO) analysis for TSNAs. Then, structural and thermal properties of their protonated forms can be calculated.
Natural bond orbital (NBO) analysis is performed with the optimized structures of S-NNN, S-NAT, S-NAB and simplified-NNK to obtain reliable atomic charges. The NBO charges of the atoms of the TSNAs are listed in Table 6 . Obviously, the NBO charges on the corresponding three atoms in N-NO group of the TSNAs including simplified-NNK are very close. The NBO charges on the N atoms of pyridyl of (S)-(E)-NNN, (S)-(E)-NAT and (S)-(E)-NAB are almost identical. In generally, the N atoms of pyridyl of the TSNAs are the most negative of all the atoms of N and O in these molecules. This fact indicates that the N atom of pyridyl of the TSNAs is the most likely atom to accept a proton in the molecules. We have further calculated three most possible conformers of protonated E and Z isomers of (S)-NNN respectively at M05/6-311++G(d,p) level. The proton affinity (PA) values of E and Z isomers of three most possible protonation sites for (S)-NNN (illustrated by Figure 2 ) are listed in Table 7 . The results are perfectly in accord with the results of NBO charges and the protonation site of the TSNAs is the nitrogen atom of pyridyl. Due to the weak acidic condition in experiment, the possibility of the diprotonated structures of TSNAs should be very small and it was not considered in this investigation.
The optimized geometric structures of these protonated TSNAs show little changes from non-protonated structures. The calculated thermal parameters of the protonated TSNAs, Table 5 . Calculated relative electronic energies (ΔE), Gibbs free energy (ΔG298K), enthalpy (ΔH298K), equilibrium constants (Keq), Boltzmann populations (P) for the isomerization of E to Z forms and dipole moment (μ) at B3LYP/6-311++G(d,p) (Basis set I), B3LYP/6-311++G(2d,2p) (Basis set II) and M05/6-311++G(d,p) (Basis set III) levels, respectively Species Basis sets I  II  III  I  II  III  I  II  III  III  III Table 6 . NBO charges of the E and Z isomers of the TSNAs at the M05\6-311++G(d,p)\\ M05\6-311++G(d,p) level namely protons adding to the nitrogen atom of pyridyl in TSNAs, are listed in Table 8 . For (S)-NNN and (S)-NAT, the relative Gibbs free energies (ΔG) of the protonated Z isomers of them are lower than their corresponding E isomers, while those of (S)-NAB is just the reverse. The chair conformation is still the most stable conformation for both E and Z isomers of (S)-NAB-H + , but the pyridyl group is in equatorial position comparing the structure of non-protonated (S)-NAB.
The relative Gibbs free energies (ΔG 298K ) for the Z-E interconversion of protonated TSNAs are from 93.79 to 111.68 kJ/mol, which are all larger than 80 kJ/mol (see Table 8 ). This fact indicates that protonation slightly influences the Z-E interconversion of TSNAs and due to the high activation energies, the interconversion of E and Z isomers of TSNAs and their pronated forms may not happen at room temperature. Thus, only in certain temperature range the peaksplitting phenomenon can be observed for the N-NO single bonds can rotate to form favored isomers for TSNAs and TSNAS-H + at higher temperature. Additionally, protonation affects the dipole moment of molecules significantly. The dipole moments of the protonated TSNAs are in the range of 8.0-11.6 Debye, much larger than those of the non-protonated TSNAs (1.9-4.8 Debye). The difference of the calculated dipole moment between the E and Z isomers for TSNAs-H + is in the range of 0.7-2.1 Debye, whereas it is 0.1-0.5 Debye for free TSNAs. Furthermore, the computed dipole moments of the protonated E isomers are much larger than their corresponding Z forms. But for free TSNAs, no such trends are observed.
In previous experimental reports, 9 at pH 3.5 and 4.0, NNN was divided up into two peaks and NAT was eluted as one singled, while at pH 4.8, NNN elutes as one single peak and NAT was split up into two narrow peaks. The amount of protonated TSNAs in mobile phase at pH 3.5 are more than those at pH 4.8 for the more acidic solution. According to our calculations, the difference of dipole moments of protonated E/Z isomers and free E/Z isomers of NNN are 1.7 and 0.1 Debye, while those of NAT are 0.7 and 0.2 Debye, respectively, which totally agree with the experiment that the separation of E/Z isomers of NNN is easier than those of NAT in acidic solutions.
In summary, the E/Z isomers of TSNAs should be separated at room temperature theoretically, but the separation of them may be difficult because of the small dipole moment difference between the two non-protonated isomers, whereas it should be easier for protonated E and Z isomers because of the larger difference of their dipole moments. These should be the reasons why the split-up of the signal for NNN, NAT, NNK and NNAL into two peaks are very sensitive to the pH and temperature of the mobile-phase.
Summary
The results of a detailed study of the E/Z isomers and their internal rotation TS in four TSNAs, using DFT methods with 6-311++G(2d,2p) and 6-311++G(d,p) basis sets, were presented. Mostly, the E isomers are more stable than Z isomers, while the Z isomers would be more stable when in protonation. Due to the higher barrier energies for interconversion of the isomers in the TSNAs and their protonated forms (> 80 kJ/mol), the calculated results predict the possibility of separation of their E and Z isomer forms. The NBO analysis and the values of the dipole moments were also reported for these compounds. The results explained mainly the origin of the peak-spliting signals of TSNAs in HPLC with lower pH and at room temperature are in relation to the higher rotation energies and the various dipole moments in various conditions. Supplementary Data. Supplementary data are available with this paper through the journal Web site. 
